The effect of plasma nitriding on hydrogen permeation through AISI 4340 was studied both experimentally and theoretically. Effective hydrogen diffusion coefficients were measured for three different AISI 4340 membrane specimens: as-received, nitrided, and nitrided specimens with the compound layer removed by mechanical abrasion. The as-received specimen had a higher diffusion coefficient (2.8 × 10 −6 cm 2 /sec) than the nitrided specimens. The nitrided specimen with the compound layer intact had a much lower hydrogen diffusion coefficient (0.65 × 10 −6 cm 2 /sec) than the specimen without the compound layer (1.9 × 10 −6 cm 2 /sec). These results demonstrate that the γ -Fe 4 N rich compound surface layer and the N that diffuses more deeply into AISI 4340 during plasma nitriding both reduce the effective hydrogen diffusion coefficient. Multiple permeation transients yield evidence for the presence of only reversible trap sites in as-received specimens and the presence of both reversible and irreversible trap sites in nitrided specimens, with and without the compound zone intact. In addition, density functional theory-based molecular dynamics simulations yield hydrogen diffusion coefficients through γ -Fe 4 N (1.5 × 10 −5 cm 2 /sec) one order of magnitude lower than through α-Fe (1.2 × 10 −4 cm 2 /sec), which supports the experimental measurements of hydrogen permeation. High strength alloys such as AISI 4340 are vulnerable to corrosion when employed in sour environments where hydrogen sulfide and chlorides are present. Such corrosion can often be controlled by the application of cathodic protection. However, this typically results in substantial hydrogen evolution at the protected surface, and subsequent adsorption and absorption of hydrogen into the metal lattice may lead to hydrogen embrittlement. Thus hydrogen uptake, permeation, diffusion, and trapping play a significant role in determining material susceptibility to hydrogen embrittlement.
High strength alloys such as AISI 4340 are vulnerable to corrosion when employed in sour environments where hydrogen sulfide and chlorides are present. Such corrosion can often be controlled by the application of cathodic protection. However, this typically results in substantial hydrogen evolution at the protected surface, and subsequent adsorption and absorption of hydrogen into the metal lattice may lead to hydrogen embrittlement. Thus hydrogen uptake, permeation, diffusion, and trapping play a significant role in determining material susceptibility to hydrogen embrittlement.
Hydrogen embrittlement can be mitigated by reducing the hydrogen uptake through surface modification by electrodeposition of Pb, 1 Ni, 2, 3 and Bi; 4 formation of aluminized layers; 5 shot peening; 6 laser surface hardening; 7 plasma deposition of an amorphous alloy; 8 or nitriding, carburizing, or sulfurizing. [9] [10] [11] [12] [13] [14] Plasma nitriding is an effective surface modification process due to the increased fatigue, wear, and corrosion resistance; in addition to reduced hydrogen uptake within the nitrided layer. 10, [15] [16] [17] During plasma nitriding, low-pressure, high temperature ammonia decomposition produces nitrogen atoms that bombard the Fe surface and diffuse into the metal lattice. Nitrogen may also form stable nitrides with nitride-forming elements such as Mo, Cr, and Si, constituting the diffusion zone. This process also results in the nucleation and growth of iron nitrides (ε-Fe 3 N, and γ -Fe 4 N) on the surface (compound zone), which increases in thickness with time, gas composition, and temperature. 18 Hydrogen diffusion through Fe alloys that are susceptible to hydrogen embrittlement has been extensively studied using the electrochemical hydrogen permeation method developed by Devanathan and Stachurski. 19, 20 Here we report the effect of plasma nitriding on hydrogen permeation through AISI 4340. As-received AISI 4340 specimens exhibit a higher hydrogen diffusion coefficient (2.8 × 10 −6 cm 2 /sec) than nitrided specimens. In addition, nitrided specimens with the compound layer intact exhibit a much lower hydrogen diffusion coefficient (0.65 × 10 −6 cm 2 /sec) than specimens where the compound layer is removed by mechanical abrasion (1.9 × 10 −6 cm 2 /sec). Multiple permeation transients yield evidence for reversible and irreversible traps in nitrided AISI 4340 specimens, with and without the compound zone. The slow transport of hydrogen in all three specimens during decay may be due to the presence of reversible traps between which hydrogen exchanges before exiting the membrane. In addi-tion, density functional theory-based molecular dynamics simulations yield hydrogen diffusion coefficients through γ -Fe 4 N (1.5 × 10 
Experimental
An AISI 4340 bar of 3.8 cm diameter was purchased from AED Motorsport Products and cut into 1.3 mm thick disks. These specimens were mechanically abraded on both sides to 1.0 mm thickness to remove the cold worked surface created during cutting. The specimens were further mechanically abraded on both sides using SiC polishing pads to a final thickness of 0.88-0.92 mm, yielding a mirror smooth surface. The as-received bar was reported by the manufacturer to be cold drawn, normalized, and tempered. The composition of AISI 4340 bar is given in Table I . Nitrided specimens were prepared by plasma nitriding in the temperature range of 510-523
• C at AHT Corporation. For some experiments, the compound zone that formed during nitriding was removed by mechanical abrasion with 800 grit SiC for 5 min., followed by 1200 grit SiC for 5 min. All AISI 4340 specimens were ultrasonically cleaned in methanol and water and then coated with a ∼20 nm thick Pd layer on both sides by evaporation.
Microstructural characterizations were accomplished using an Olympus PME optical microscope, a JEOL 7400 scanning electron microscope (SEM) with energy dispersive X-ray spectrometer (EDX), Bruker Model D8-FOCUS -X-ray diffractometer, and a Leco M-400 Knoop/Vickers Hardness Tester. The microstructures of nitrided specimens were analyzed by cutting and mounting cross sections in epoxy, then grinding with 600, 800, and 1200 grit SiC and polishing with 0.05 μm alumina. The mirror surface finish was then etched with 2% Nital (2 mL HNO 3 and 98 mL methanol) for 45 s. Hardness measurements were performed along the cross section using a Knoop indenter with a 100 g load. For X-ray diffraction (XRD) studies, sample scans were performed over a 2θ range of • . Hydrogen permeation experiments were performed with an electrochemical cell made of Pyrex. The cell consists of hydrogen charging and hydrogen measurement chambers separated by the AISI 4340 specimen (Figure 1 ). The exposed membrane area on each side is about 5.0 cm 2 . The electrolyte in the hydrogen charging chamber is 0.1 M H 2 SO 4 , while the electrolyte in the measurement chamber is 0.2 M NaOH. Both electrolytes were purged with high purity Ar prior to experimentation. In addition, the measurement electrolyte was pre-electrolyzed at a constant potential of +2.0 V for 24 hr. All electrochemical experiments were performed at room temperature (22 • C) using a saturated calomel reference electrode (SCE) and Pt counter electrode.
Before introducing the charging electrolyte, the measurement electrolyte was oxidized at a potential of +200 mV vs. SCE to remove impurities, and the oxidation current was monitored. After 10-15 hr., the background current dropped to a steady state value of ∼0.2 μA/cm 2 . At this time, the charging electrolyte was introduced, and the hydrogen permeation transient studies begun. In the hydrogen charging chamber, a constant current density of 2 mA/cm 2 was maintained using a Mastech HY 3005D power supply, while in the hydrogen measurement chamber, a constant potential of +200 mV vs. SCE was maintained by a Gamry G-750 floating ground potentiostat which oxidized and quantified the hydrogen that transported through the membrane specimens. During decay transients, the charging electrolyte was removed to prevent corrosion and surface oxidation.
Modeling of Hydrogen Diffusion
Ab initio molecular dynamic simulations based on density functional theory (DFT) 21, 22 were performed using the CASTEP module in Materials Studio. [23] [24] [25] A 2 × 2 × 2 supercell ( Figure 2 ) was constructed for both α -Fe (BCC) and γ -Fe 4 N (antiperovskite) crystal structures. The lattice parameters for the Fe and Fe 4 N unit cells were 0.2866 and 0.3795 nm, respectively. The supercell consisted of eight unit cells with periodic boundary conditions which ensured that the computational cell was large enough to obtain reliable diffusion coefficients. Four interstitial hydrogen atoms were introduced into each supercell. A generalized gradient approximation (GGA) was used with the Perdew, Burke, and Ernzerhof (PBE) functional. 26 The simulations were carried out at 427
• C with a constant atoms, constant volume, and constant temperature (NVT) ensemble. The temperature was maintained using a Nosé-Hoover-Langevin (NHL) thermostat with a noise Q ratio of 1.0. Elevated temperature was used for the simulations to reduce the computational time. Simulations were performed for a total of 2 ps with a time step of 0.5 fs. The plane wave energy cut off was customized to 375 eV with a fine quality FFT grid. A coarse (10 −5 eV/atom) threshold was chosen for determining self-consistent field convergence. A customized 4 × 4 × 4 Monkhorst-Pack k-point grid 27 was used along with ultrasoft reciprocal space pseudopotentials. The output of the molecular dynamics simulation was analyzed for the mean square displacement of hydrogen atoms using the Forcite module. The diffusion coefficients of hydrogen were extrapolated from the slope (a) of the mean square displacement curves based on equation 1, 28 :
where r i is the position of atom i, N α is the number of atoms in the simulation, and the angular brackets represent the mean-square displacement as a function of time. 
Results and Discussion
Microstructural analysis of AISI 4340 membrane.- Figure 3 illustrates optical microscopy, SEM, EDX, and hardness measurements for a nitrided AISI 4340 specimen with the compound layer intact. Figures 3a and 3b illustrate the 2.5 μm thick compound zone that is formed atop AISI 4340 during plasma nitridation. Figure 3c illustrates a second effect of plasma nitridation, formation of a diffusion zone ∼200 μm thick. EDX analysis yields a nitrogen composition of ∼25 atom% near the surface, and gradually declines to near zero in the bulk sample. EDX analysis from the top of the specimen samples a larger area and yields a nitrogen composition of ∼20 atom%.
The Knoop hardness as a function of depth is also illustrated in Figure 3c , and this declines from a near-surface value of ∼530 HK to the bulk value of ∼300 HK at a depth of 200 μm. Interestingly, the nitrogen concentration declines to nearly zero at a depth of about 50 μm, much more rapidly than the Knoop hardness reaches its bulk value. This might be due to variation in the solubility of nitrogen (0.1 wt% to 0.01 wt%) in α-Fe with depth below the specimen surface. 29 These values rapidly become less than the detection limit of quantitative EDX measurements, so the depth of the nitrogen composition tail below the surface may not be measurable. Figure 4 illustrates the optical microscope (a) and SEM (b) images of a plasma nitrided AISI 4340 specimen for which the compound zone has been removed. Figure 5 illustrates the XRD results for all three specimens. The as-received specimen (5a) yields α -Fe {110} and {200} peaks corresponding to the α-ferrite Fe phase. 30 The nitrided specimen with the compound zone intact (5b) shows intense peaks corresponding to ε -Fe 3 N and γ -Fe 4 N phases, with a much lower intensity for the α-ferrite peaks. The nitrided specimen with the compound zone removed (5c) shows a much higher intensity for the α-Fe peaks, but peaks from both the ε -Fe 3 N and γ -Fe 4 N phases still appear, suggesting a small concentration of these phases in the diffusion zone. Overall, these results confirm that our polishing pound zone. The results of electrochemical hydrogen permeation transients were analyzed assuming constant hydrogen concentration at the hydrogen charging surface as the boundary condition, as discussed elsewhere, 31, 32 to obtain effective hydrogen diffusion coefficients. The results of these analyzes are given in Tables II-IV. Table V summarizes the average hydrogen diffusion coefficient obtained for each permeation transient for all three specimen types.
For as-received AISI 4340, the average hydrogen diffusion coefficients for all decay transients (2.1-2.9 × 10 −6 cm 2 /sec) are ∼ 2× lower than those obtained from all rise transients (1.2-1.4 × 10 −6 cm 2 /sec). A similar trend is observed for the nitrided specimens, with and without the compound layer intact. Without the compound layer, the hydrogen diffusion coefficients are 1.8-2.1 × 10 −6 cm 2 /sec and 0.86-0.88 × 10 −6 cm 2 /sec for the rise and decay transients, respectively. With the compound layer, the hydrogen diffusion coefficients for rise and decay transients are 0.65-1.1 × 10 −6 cm 2 /sec and 0.65 × 10 −6 cm 2 /sec, respectively. The hydrogen that might be reversibly trapped at high energy trap sites during the rise transients diffuses slowly along the lattice diffusion path during the decay transient, resulting in a lower effective diffusion coefficient. 33 The slow desorption of hydrogen during the decay transient relative to the rise transient has been observed by several authors in Fe alloys. [34] [35] [36] The slight decrease in effective diffusion coefficient values of subsequent rise transients for the as received specimens might be due to the formation of an oxide layer on the charging surface, which slows the transport of hydrogen. 37 On the other hand, the first rise transient has a lower effective diffusion coefficient compared to successive rise transients in nitrided AISI 4340 specimens, with and without compound zone. This can be attributed to the filling of irreversible trap sites during the first rise transient thereby sampling primarily reversible trap sites in successive rise transients. 32 The lowest hydrogen diffusion coefficients in Table V are obtained for the plasma nitrided AISI 4340 specimens with the compound zone intact. This illustrates the reduction in hydrogen permeation due to formation of γ -Fe 4 N, which acts as an effective hydrogen diffusion barrier. 9, 11, 14 This observation is supported by the permeation curves in Figure 9 , where the steady state permeation current density is significantly reduced by the compound layer. The reduction in hydrogen permeation attributable to the presence of the compound zone is greater than that attributable to the diffusion zone, as previously reported.
14 The hydrogen diffusion coefficient values reported in Table III for the nitrided specimens with compound layer removed complement this understanding, wherein the diffusion coefficient values obtained for both the rise and decay transients are slightly lower than for as-received AISI 4340 (Table II) . Nevertheless, since the diffusion zone is much thicker than the compound zone, hydrogen transport is still impeded.
14 These results are generally consistent with the effective diffusion coefficients of hydrogen within Armco iron calculated by electrochemical hydrogen permeation studies.
14 However, their results in nitrided specimens with and without compound zone lacked information regarding the effective diffusivity of hydrogen in multiple permeation transients. Modeling studies will be described below to estimate the hydrogen diffusion coefficient values through the compound zone, which is composed mainly of γ -Fe 4 N.
The effective hydrogen solubility, which is averaged over the different microstructures present, can be determined from:
where i ∞ is the steady state permeation current density, L is the membrane thickness, n is the number of electrons transferred during hydrogen oxidation/reduction, and F is Faraday's constant. Table VI summarizes the hydrogen solubilities obtained from the permeation transients in Figures 6-9 . The overall solubility of the nitrided membrane, which includes the compound zone, diffusion zone, and ferrite layer, is lower than the as-received ferritic structure as reflected by the reduction in the permeation current, in agreement with the literature. 10, 34 However, the nitrided specimens with com- pound layer removed show a decrease in solubility compared to the nitrided specimens with compound layer due to the increased mobility of hydrogen in the absence of the compound layer. In addition, the solubility decreases for subsequent rise transients in as-received specimens, as reflected by the reduction in steady state permeation current density. This may be due to surface oxide film formation in the absence of charging, which would hinder the entry of hydrogen. 37, 38 On the other hand, the steady state permeation current densities are almost equal for the nitrided AISI 4340 specimens with and without the compound zone, where a significant oxide film formation was not observed. Nevertheless, the solubility decreases with successive transients in these specimens due to the increased hydrogen transport rate.
Effect of nitriding on mechanical properties and hydrogen embrittlement.-The ratio of /γ phase determines the mechanical properties of the compound layer. A thin γ -Fe 4 N phase is extremely ductile and exhibits superior fatigue properties, 39 whereas a mixed phase of /γ is hard and brittle. 40, 41 In addition, the compound zone has an open, porous structure. 42 This can be mechanically abraded to remove the compound zone or oxidized to form a passive film, 43 which enhances the corrosion resistance. Alternatively, the thickness of the compound zone can be controlled by manipulating the plasma nitriding process parameters. 18 Regardless, mechanical abrasion in practice may cause removal of the compound zone, so the effect this has on hydrogen transport is of interest.
The determination of hydrogen diffusivity, solubility and trapping is important for understanding susceptibility to hydrogen embrittlement. However, other environmental factors such as cathodic protection potential, temperature, pressure, stress, strain, and strain rate also impact the materials susceptibility to hydrogen-induced stress corrosion cracking. Because the overall effect depends on complex relationships between the hydrogen mobility, formation of calcareous deposits, metal hydride formation, hydrogen dissolution, and hydrogen trapping at defects; the material response depends on all of these variables, as well as their inter-relationships. 44 To the best of the authors' knowledge, only the research group of Pound has suggested a general formalism for relating hydrogen transport parameters extracted from electrochemical measurements to prediction of hydrogen embrittlement lifetimes. 45, 46 This approach employs potentiostatic pulse measurements to determine an apparent trapping rate constant for irreversible traps in the presence of reversible traps.
However, that approach has not been widely employed given the complex inter-relationships between the experimental variables described above. Indeed, given the complexity of the problem, a more direct approach of reducing hydrogen transport by a surface coating method might be considered more appealing. Other research groups have followed a similar approach and suggested electrodeposited coatings of Pb, Ni, or Bi; 1-4 surface nitriding, carburizing, or sulfurizing; [9] [10] [11] [12] [13] [14] or other surface modification by aluminizing, shot peening, laser treatment, or plasma thin film deposition. [5] [6] [7] [8] In those cases, as in the current case, the reduction of hydrogen ingress into metal alloys susceptible to hydrogen embrittlement can be demonstrated.
Simulations of hydrogen diffusivity within α-Fe and γ -Fe 4 N.-The hydrogen diffusion coefficients in bcc α-Fe were found to be ∼1.2 × 10 −4 cm 2 /sec at 427 • C (Figure 10 ), in good agreement with both modeling 47 and experimental studies of pure Fe 48 at elevated temperature. The hydrogen diffusivity within the antiperovskite γ -Fe 4 N crystal structure (1.5 × 10 −5 cm 2 /sec) at 427
• C is about one order of magnitude lower than within the bcc α-Fe phase. These results are generally consistent with our experimental results, which yield reduced hydrogen diffusion coefficient values for plasma nitrided specimens with the compound layer intact. Since the compound layer is only ∼2.5 μm thick, and the entire membrane is ∼900 μm thick, the overall effect illustrated by the hydrogen diffusion coefficients in Table V is considerably less than one order of magnitude.
Conclusions
The effect of nitriding in determining hydrogen permeation properties through AISI 4340 was studied both experimentally and theoretically. Hydrogen diffusion coefficients were analyzed on three different specimens: as-received, nitrided, and nitrided with compound layer removed. The as-received specimen had a higher effective diffusion coefficient (2.8 × 10 −6 cm 2 /sec) compared to the nitrided without compound layer (1.9 × 10 −6 cm 2 /sec) and nitrided specimens (0.65 × 10 −6 cm 2 /sec). Multiple permeation transients revealed the nature of trap sites to be reversible based on the lower diffusion coefficient values for decay transients compared to rise transients in all the three conditions. Moreover, the presence of irreversible trap sites in nitrided specimens with and without compound zone can be evidenced based on the lower effective diffusion coefficient for the first rise transient compared to the subsequent rise transient. In addition, first principles molecular-dynamics simulations showed that the diffusion coefficient of hydrogen through γ -Fe 4 N (1.52 × 10 −5 cm 2 /sec) is an order of magnitude lower than the α-Fe (1.23 × 10 −4 cm 2 /sec) which supports the fact that the compound zone acts as an effective barrier for the entry of hydrogen.
